Horizontal gene transfer is thought to contribute to the wide distribution of group I introns among organisms. Integration of an intron into foreign RNA or DNA by reverse self-splicing, followed by reverse transcription and recombination, could lead to its transposition. Reverse selfsplicing of group I introns has been demonstrated in vitro, but not in vivo. Here we report RNA-dependent integration of the Tetrahymena intron into the 23S rRNA in Escherichia coli. Analysis of products by Northern blot and reverse transcription-PCR amplification revealed precise intron insertion into a site homologous to the natural splice junction. Products are sensitive to treatment with RNase but not DNase and depend on the splicing activity of the intron. Partial reaction with 11 novel sites in the 23S RNA that are complementary to the guide sequence of the intron illustrates lower specificity than intron homing. Reverse splicing of the Tetrahymena intron in bacteria demonstrates the possibility of RNA-catalyzed transposition of group I introns in foreign hosts.
Group I introns are small genetic elements that are capable of catalyzing their splicing from primary transcripts (1) . These introns are found in the genomes of bacteria and organelles, as well as the rDNA of lower eukaryotes (2) . The broad distribution of group I introns has been attributed to genetic mobility (3, 4) , but the mechanisms of dispersal remain in question (2) . It is well established that group I introns can transpose site-specifically to intronless alleles of the same gene after cleavage of the target DNA by an intron-encoded DNA endonuclease (2, 5) . This process, termed homing, is highly specific because of the large recognition sites (15-35 bp) of homing endonucleases (5) .
Reverse splicing, coupled with reverse transcription and recombination, has been proposed as an alternative mechanism for intron mobility (6) (7) (8) . A related mechanism after reverse splicing into DNA has been shown to operate during homing of group II introns in yeast mitochondria (9, 10) . Self-splicing of the group I intron from Tetrahymena thermophila rDNA is fully reversible in vitro (8) and yields a product that resembles the precursor RNA. Substrates for reverse splicing are recognized by a short sequence (4-6 nt) that can base-pair with the internal guide sequence (IGS) of the intron (6) . Therefore, reverse splicing is expected to be less sequence-specific than homing endonucleases and could result in transposition to new genes. Indeed, partial reverse splicing of a group I intron from Chlamydomonas reinhardtii chloroplast 23S rRNA into the cytoplasmic 5.8S rRNA in vitro has been reported (11) . Here, we provide an example of reverse splicing of a group I intron in vivo by demonstrating that the Tetrahymena intron can integrate into 23S rRNA of E. coli.
MATERIALS AND METHODS
Growth of Cells and Plasmid Construction. Plasmid pMAL-EC-IVS was prepared by ligating an EcoRI-HindIII fragment containing the Tetrahymena EC intron into pMAL-c2 (12) such that the lacZЈ translation frame is restored by splicing. The intron-containing fragment was prepared by PCR amplification of pTZEC (13) . JM109 cells transformed with pMALEC-IVS were grown in Luria-Bertani medium plus 50 mg͞liter ampicillin at 37°C until A 600 ϭ 0.4, before addition of 1 mM isopropyl ␤-D-thiogalactoside (IPTG). Chloramphenicol (100 mg͞liter) was added immediately before harvest. pLKEC(438), which encodes a pre-RNA with short exons under control of the P L promoter (14) , was induced by shifting cultures to 42°C. The sequences 8 nt preceding and the 29 nt following the intron are identical in pLKEC(438) and pMALEC-IVS.
RNA Isolation and Northern Blots. Total RNA was isolated from 10 ml of culture after lysis with guanidine isothiocyanate (Perfect RNA kit, 5 Prime 3 3 Prime). In control reactions, linear intron RNA was transcribed with T7 RNA polymerase and purified from 4% polyacrylamide gels, and 15 pmol was added to the guanidine isothiocyanate solution before lysis. For Northern blots, total RNA was denatured with glyoxal before electrophoresis in a 1.2% agarose gel, transferred to Nytran-S membrane (Schleicher & Schuell), and hybridized with a uniformly 32 P-labeled intron-specific or malE-specific probe. Primer extensions in the presence of ddCTP were carried out as previously described (15) by using primer IP006-18, which is complementary to the 5Ј end of the EC intron. Reactions contained 0.1 pmol 32 P-labeled primer and 0.25 g total RNA. Extension products specific for the cleaved or uncleaved 5Ј splice site were quantitated as reported previously (15) .
Membranes were quantitated by using a PhosphorImager (Molecular Dynamics) to determine the ratio of intron to reverse-splicing product. The moles of intron and product RNAs in 1 g total RNA after 120 min of induction was estimated by comparison with a standard curve prepared with known amounts of intron RNA. The moles of 23S rRNA per g total RNA was 0.48 and was determined by hybridization of dot blots with 23S probes (16) .
Reverse Transcription (RT) and PCR Amplification. For RT-PCR, total RNA was filtered through a Chromaspin TE-1000 gel filtration column (CLONTECH) to eliminate unreacted intron RNA. cDNA was synthesized in a 10-l reaction containing 0.5 g RNA, 5 pmol downstream primer, 25 mM Tris⅐HCl (pH 7.5), 60 mM NaCl, 10 mM DTT, 3 mM magnesium acetate, 0.5 mM deoxynucleotide triphosphates, and 2 units of AMV reverse transcriptase (Life Sciences) at 48°C for 45 min. Primer annealing was performed at 65°C for The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
3 min in the absence of magnesium, nucleotides, and enzyme. Reactions were terminated by incubating at 95°C for 2 min.
A 2-l aliquot from reverse transcription was amplified by touchdown PCR (17) . Fifty-microliter reactions contained 50 mM KCl, 10 mM Tris⅐HCl (pH 9), 0.1% Triton X-100, 5 g gelatin, 0.2 mM each deoxynucleoside triphosphate, 1 mM MgCl 2 , 1 M each downstream and upstream primers, and 2.5 units Taq DNA polymerase (Promega). Initial parameters: two cycles of 95°C for 1 min; 65°C for 1 min; and 72°C for 1 min. Subsequently, the annealing temperature of the reaction was decreased 1°C every second cycle from 65 to 55°C, at which temperature 10 cycles were carried out. Typically, 10 l was analyzed on a 1.6% agarose gel and stained with ethidium bromide. Primers: DP-1286, AAACGGATCCTTTCACCC-GCTTTATCGTTAC; UPI-94, DPI-336, UP-1666, DP-2180, and DP-2675 were described previously (13) .
RESULTS
Reverse Splicing of Tetrahymena Intron in E. coli. To investigate reverse splicing in vivo, the Tetrahymena intron was expressed in E. coli by inserting the intron sequences into an expression vector under the control of the IPTG-inducible P tac promoter (Fig. 1A) . Natural exon sequences were minimized (8 bp 5Ј and 29 bp 3Ј) to reduce the possibility of homologous recombination between the plasmid and E. coli rRNA genes. The intron is spliced by the normal group I mechanism in E. coli (18) at a rate similar to that in Tetrahymena (15) , suggesting that a species-specific protein cofactor is not required for splicing in vivo.
The high concentration of rRNA is expected to provide an abundant substrate for reverse splicing in vivo and could account for the preferential distribution of group I introns among rRNA genes (11, 19) . Accordingly, the intron was targeted against the site in the E. coli 23S rRNA that is homologous to its natural splice junction by mutation of the IGS to 5Ј-GGGACC ( Fig. 1 A) , such that the expected site of reaction is between U1926 and A1927. The mutated intron, which we designate ''EC IVS,'' splices efficiently when inserted in the rrnB operon at this position of the 23S coding sequence (15) . We have also observed reverse splicing in vitro at this site with both 23S rRNA and 50S subunits as substrates (13) .
Total RNA was isolated from cells transformed with pMALEC-IVS (Fig. 1 A) 0-2 hr after induction with IPTG. (14) . ⌬P1, deletion of P1; G264A, G-binding site; EC, active intron at 0 and 20 min; pre, pre-23S rRNA as in A. ⌬P1 and G264A RNAs are inefficiently spliced and migrate more slowly than the linear intron. Bands represent ⌬P1IVS-3Јexon and G264A pre-RNA, respectively.
Biochemistry: Roman and Woodson
Proc. Natl. Acad. Sci. USA 95 (1998) Accumulation of intron RNA was monitored by primer extension that detects cleavage of the 5Ј splice site (15) . Only 0.2% of plasmid transcripts were unspliced after 2 hr of induction (Fig. 1B) . To determine whether the intron had reacted with other transcripts, total RNA was separated on agarose gels and hybridized with an intron-specific probe ( Fig.  2A) . This revealed several large, intron-containing bands that increased in intensity with time after induction of the intron. These RNAs were not derived from the pMALEC-IVS precursor, which was identified by hybridization of the membrane with a malE probe (data not shown). Several of these novel RNAs were found to comigrate with in vivo splicing products of an authentic pre-23S rRNA (Fig.  2 A, lane 4) . The pre-23S rRNA was obtained from a control strain transformed with a plasmid containing a poorly spliced variant of the EC intron (EC:C26A) inserted into the 23S gene after U1926 (16) . The 1.6-kb RNA in lanes 2 and 3 ( Fig. 2 A) has the same mobility as the splicing intermediate (IVS-3Ј 23S), in which the 3Ј end of the intron is ligated to A1927 of the 23S rRNA. More exciting was to find that we could also detect a larger product that comigrated with the full-length pre-23S rRNA (pre, Fig. 2 A) . We postulated that these intron-containing products represented RNAs that had undergone the first step or both steps of reverse splicing with the 23S rRNA, respectively. The significant accumulation of the IVS-3Ј 23S product (lane 3, Fig. 2 A) suggested that reverse splicing was most likely to occur at U1926, the position targeted by the IGS mutations. We also detected a 2.4-kb RNA (5Ј23S-IVS) that is the size expected if the 5Ј half of the 23S was ligated to the intron. Such a product is best explained by hydrolysis of the 3Ј splice site of a complete ''integrant.' ' We next investigated whether these products depended on the self-splicing activity of the intron by introducing two splicing-deficient mutations. The EC-⌬P1 intron (14) is unable to undergo reverse splicing because of deletion of the P1 helix (nucleotides 1-30) that contains the IGS (16). The mutation G264 to A in the intron core damages the guanosine-binding site and significantly reduces its catalytic activity (20) . None of the intron-containing products were observed when either of these splicing-defective introns were expressed in E. coli as short transcripts (Fig. 2B) .
These short transcripts have the same 8-and 29-nt sequences flanking the intron [pLKEC(438)] (14, 16), but lack the upstream mal E sequences to avoid the instability of unspliced pMALEC-IVS transcripts. Active EC IVS expressed from pLKEC at 42°C yielded results comparable to those shown in Fig. 2 A, although expression of the intron was 2-to 3-fold lower (16) . The temperature of induction has only a modest effect on reverse splicing in vivo, as similar results were obtained at 30, 37, and 42°C from cells transformed with pMALEC-IVS (data not shown).
Amplification of Intron-23S rRNA Junctions. To determine whether the products detected by Northern hybridization contain the sequences of the expected reverse-splicing products, 5Ј and 3Ј integration junctions in the 23S rRNA were amplified by RT-PCR (13) . The 3Ј integration junction at (Fig. 3A) . The corresponding 5Ј integration junction was amplified by using a downstream primer complementary to intron sequences and an upstream primer complementary to the 5Ј exon (Fig. 3B) . PCR products of the expected sizes for both 5Ј and 3Ј integration junctions were readily obtained, regardless of whether the intron was expressed from pMALEC-IVS (Fig. 3) or pLKEC (data not shown). Sequencing of PCR products confirmed that they contained precise junctions corresponding to insertion of the full-length intron between U1926 and A1927 of the 23S rRNA. Integration junctions were not amplified (5Ј) or weakly amplified (3Ј) when IPTG was not added during cell growth, confirming that integration events are dependent on expression of the intron. PCR products were not obtained when a comparable amount of linear intron RNA was added to untransformed cells during lysis, showing that reverse splicing did not occur in vitro after RNA isolation (Fig. 3C) . Neither 3Ј nor 5Ј integration junctions were amplified in RT-PCRs with RNA from the splicing-defective strains EC-⌬P1 and EC-G264A (Fig. 3 D and E) . As the intron must be catalytically active for reverse splicing to occur, these controls confirmed that integration is the result of the reactivity of the intron and not recombination between the plasmid and rRNA genes or template switching during PCR amplification. Furthermore, 5Ј and 3Ј integration junctions were detected in samples treated with DNase, but not RNase (data not shown). This confirms the previous result and substantiates that the integration target is RNA, not DNA.
Reaction at Novel Sites. As reverse splicing only requires 4-to 6-nt recognition sequence in the substrate (8), long RNAs are expected to contain several possible integration targets. The E. coli 23S RNA contains five sites that are fully complementary to the EC IGS. To determine whether the intron reacts with other sites in the 23S rRNA in vivo, integration junctions were amplified by using the strategy above, but with primers specific for 23S rRNA domains II and V (Fig. 4) . Although 5Ј junctions were not detected at sites other than 1926, PCR products spanning putative 3Ј integration junctions were cloned and sequenced. We identified a total of 12 reaction sites for EC-intron in the 23S rRNA from 39 positive clones (Fig. 5A) . This probably represents a minimum number, as minor products may have been lost during amplification.
Sequences immediately upstream and downstream of the integration sites were analyzed for base complementarity with the IGS (Fig. 5B) . All of the target sequences could form at least 4 bp with the IGS, and some as many as 13 bp. Several products resulted from attack at different positions within the same target sequence (e.g., 1924, 1925, 1926) . Interestingly, the cleavage site was preceded by a C in half of the integration products (Fig. 5B) . In most group I introns the 5Ј exon ends in a U, which forms a U⅐G wobble pair that contributes to correct positioning of the 5Ј splice site in the active site of the intron (21, 22) . However, a C-G pair at the 5Ј splice site does not inhibit the second step of splicing (23, 24) or reverse splicing in vitro (13) . In vivo, we cannot distinguish whether the prevalence of 3Ј junctions is due to inefficiency of the second step of reverse splicing or to rapid cleavage of the 5Ј splice sites of novel integrants by G-addition.
Efficiency of Intron Integration in Vivo. The extent of reverse splicing in vivo was estimated by quantitation of Northern blots as described in Methods and from the mole ratio of intron to 23S rRNA after 120 min induction, which was approximately 1:3. From these data, approximately 2% of the 23S rRNA formed a 3Ј junction with the EC-IVS and as much as 0.1% underwent complete intron integration. Remarkably, this is only 10-fold less efficient than reverse splicing in vitro (8, 13) . This is despite the fact that the ratio of intron to substrate is lower in vivo than in typical in vitro reactions and that some products of the reverse reaction in vivo are probably destroyed by forward splicing or by hydrolysis of the newly created 5Ј or 3Ј splice sites. As splicing of the Tetrahymena intron is rapid in E. coli (15) , the integrants that we are able to detect may represent a stable subset of products that are unable to undergo forward splicing, perhaps because of a conformational change in the RNA (25) .
CONCLUSION
This report presents evidence for complete reverse splicing of a group I intron in vivo. Expression of the Tetrahymena intron in E. coli resulted in integration of the intron into a site homologous to the natural splice junction in the bacterial 23S rRNA. The expression of splicing-defective mutants did not generate integration products, demonstrating that the process depends on the catalytic activity of the intron. Additional products, representing the first step of reverse splicing, arise from the attack of the intron at other locations in the 23S rRNA. Analysis of sequences flanking the reaction sites clearly shows that these novel sites are specified by complementarity with the IGS.
These experiments do not distinguish whether integration occurred in newly synthesized rRNA or into ribosomal complexes. Nucleotides near the integration site (U1926) interact with peptidyl tRNA and elongation factors and consequently are thought to be positioned at the surface of the 50S subunit (26) . We have recently shown that the EC intron remains noncovalently bound to 50S complexes in E. coli and that this also involves base pairing with the 23S rRNA (16) .   FIG. 4 . RT-PCR of 3Ј integration junctions in domains II and V of the 23S rRNA. Reactions as in Fig, 2 , except that the PCR primers were specific for domains II and V. (A) 3Ј integration junctions in domain II. Primers were UPI-94 and DP-1286. (B) 3Ј integration junctions in domain V. Primers were UPI-94 and DP-2675. M, 100-bp ladder.
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Proc. Natl. Acad. Sci. USA 95 (1998) During homing of group II introns in yeast mitochondria, the template for target-primed reverse transcription is provided by direct integration of the intron into the DNA via partial or full reverse splicing (9, 10) . Target recognition also appears to involve base pairing with the intron RNA (27) , and this could lead to occasional integration at nonallelic sites (28, 29) . Our data show that transient acquisition of a self-splicing intron by reverse splicing into an abundant transcript, such as rRNA, is quite feasible. Unlike group I and group II homing, this mechanism does not require intron-encoded proteins. However, stable transposition into the genome would presumably require reverse transcriptase activity in the host (2) . This activity could be supplied by ''indigenous'' group II introns (30) or by retroelements prevalent in many cell types (31) . Importantly, we find that reverse splicing is significantly less specific than homing and could expand the repertoire of intron-containing sites. These results affirm the hypothesis that reverse splicing contributes to the spread of intron sequences during evolution and suggest ways in which self-splicing introns could be used as simple genetic vectors.
